ABSTRACT Choleragen and its A protomer catalyzed the hydrolysis of NAD to ADP-ribose and nicotinamide. NADase activity was inhibited 'by gangliosides GM, (galactosyl-N-acetylgalactosaminyl[N-acetylneuraminyl-alactosylglucosylceramide), GM2 (N-acetylgalactosaminyl-N-acetylneuraminyl-galactosylglucosylceramide), , and GDI. (N-aceteuraminyl-palactosyl-N-acetylgalactosaminyl.[N-acetylneuraminyljga-lactosylglucosylceramide) ese gangliosides also increased the intensity of the tryptophanyl uorescence of the isolated A protomer (Xmax m 328 nm). GM! but not GM2, GM3, and GD!a caused a "blue shift" in the fluorescence spectrum of the B protomer. These results are consistent with other evidence that the specificity of GM, as the choleragen receptor resides in its carbohydrate moiety.
the specificity of GM, as the choleragen receptor resides in its carbohydrate moiety.
The NADase activity of choleragen was similar to that of diphtheria toxin previously described . Kandel (Kandel et al., 1974) . It seems probable that the natural protein acceptor for ADP-ribose in the reaction catalyzed by choleragen is adenylate cyclase or a protein component of a cyclase complex that regulates enzymatic activity. The effects of choleragen on vertebrate cells are believed to be mediated through the activation of adenylate cyclase (1) . The initial event appears to be the binding of the B protomer of choleragen to a cell surface receptor, the monosialoganglioside GM1 (galactosyl-N-acetylgalactosaminyl-[N-acetylneuraminyll-galactosylglucosylceramide) (2-7). The A protomer is then thought to activate the cyclase in a reaction that may be dependent on NAD (8) (9) (10) (11) (12) (13) (14) . The activation process has not been defined; some workers feel that an enzymatic reaction is involved (9) , while others believe that activation involves the direct binding of choleragen to the cyclase (10, 15, 16) .
We recently reported that choleragen and its A protomer catalyze the hydrolysis of NAD to ADP-ribose and nicotinamide (17) . This abortive reaction is similar to that catalyzed by the active fragment A of diphtheria toxin (18) , which inhibits protein synthesis as a result of the NAD-dependent ADP-ribosylation of elongation factor II (19) . We proposed, therefore, that choleragen activates adenylate cyclase through an NADdependent enzymatic reaction, which probably involves the ADP-ribosylation of a protein (17) . The Samples were maintained at 250 with a Lauda K-2/R cooling bath. Intensity measurements are relative to the control protein solution in each case, and appropriate blanks were subtracted from each sample. Ganglioides were obtained as described and were at least 99% pure, as assessed by thin-layer chromatography (22, 23) .
RESULTS
Effect of gangliosides on NADase activity of choleragen and A protomer Incubation of choleragen with GM1 (up to 50 AM) prior to assay resulted in inhibition of NAD hydrolysis (Fig. 2) . The NADase activity was also inhibited by GM3 (N-acetylneuraminylgalactosylglucosylceramide), GM2 (N-acetylgalactosaminyl-[N-acetylneuraminyll-galactosylglucosylceramide), and GD1a (N-acetylneuraminylgalactosyl-N-acetylgalactosaminyl-[NacetylneuraminylJ-galactosylglucosylceramlde), although GM1 As shown in Fig. 3 , the fluorescence spectrum of the A protomer had an Xmax = 328 nm. Under assay conditions, additions of GM,, GM2, GM3, or GD1a to the A protomer resulted in small increases in fluorescence intensity, but no shift in Xa (data not shown). The fluorescence spectrum of the B protomer was "blue shifted" by 15 nm in the presence of 50 gM GM1 (Fig. 4) . Increasing the GM1 concentration did not further shift the peak. The spectrum in the presence of GM1 exhibited an asymmetric peak, in contrast to that obtained in the absence of ganglioside. clearly the most potent ( (17) . By analogy with the reactions catalyzed by diphtheria toxin (18) , w~eproposed that choleragen activation of ad~enylate Gangliosides, particularly GM1, have been reported to alter the fluorescence of choleragen, presumably through interaction with the B protomer (24) . In our studies, GM1, but not GM2, GM3, or GDia, caused a change in the fluorescence spectrum of the isolated B protomer, which is interpreted as indicative of a shift of the tryptophanyl residue(s) to a less polar environment. The interaction of the B protomer with GM1, which is accompanied by a "blue shift" in fluorescence, may, when choleragen binds to GM1 on a cell surface, promote dissociation of the A protomer or facilitate its interaction with other lipids in the plasma membrane or both. § The results of the fluorescence studies are consistent with other evidence (3, (26) (27) (28) that the determinants of the specificity of GM1 as the choleragen receptor reside in the carbohydrate moiety of the ganglioside and that this portion of the molecule is involved in its interaction with the B protomer of choleragen.
It can be inferred from the fluorescence spectrum of the isolated A protomer (Xmax = 328 nm) that the tryptophanyl residues were located in a nonpolar environment. Therefore, additional hydrophobic interactions involving the tryptophanyl residues of the A protomer would not be expected to cause a "blue shift" in the fluorescence spectrum. The fluorescence intensity of the A protomer, however, determined under the conditions used for NADase assay, was-modified by gangliosides GM1, GM2, GM3, and GDia. The NADase activities of choleragen and of the A protomer were inhibited by GM1; GM2, GMS, and A protomer and choleragen (17) ] was present in a preparation of A protomer, which exhibited one band on polyacrylamide gel electrophoresis, and was inhibited by gangliosides at concentrations that caused changes in the fluorescence intensity, suggests that the A protomer, not a contaminant, is indeed responsible for the observed NAD hydrolysis.
The effects on fluorescence and catalytic activity of the A protomer are apparently somewhat less ganglioside-specific than the GM1-B protomer association and could be the result of nonspecific hydrophobic lipid-protein interactions. § It is difficult, however, from these studies to draw any firm conclusions concerning molecular mechanisms since the behavior of gangliosides in aqueous solution is complex. At high ganglioside concentrations (about 100 MM) micelles are formed, which dissociate only slowly on dilution (29) . In contrast to an ideal system where monomers exist in a rapidly reversible equilibrium with micelles, aqueous solutions of gangliosides also contain small ganglioside complexes, e.g., dimers and trimers (29) , and gangliosides in any or all of these forms could interact with proteins in differing ways.
Cuatrecasas and coworkers (10, 15, 16) have proposed that activation of adenylate cyclase is a direct result of the interaction of eholeragen (or a portion of it) with the enzyme protein.
We believe it more probable, however, that cyclase activation by choleragen is the consequence of an enzymatic reaction, as suggested earlier by Gill and King (8 [2] the natural acceptor molecule, which, in the case of diphtheria toxin, is elongation factor 11 (19) . We have not identified a natural protein acceptor for ADP-ribose in the reaction cata-lyzed by choleragen, but expect that it is adenylte cyclase or a protein component of a cyclase complex that regulates enzymatic activity.
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